While dedicated highways with fully automated vehicles is a far in the future objective, the introduction of semi-automated vehicles on current highways designed to operate with manually driven vehicles is a realistic near term objective. The purpose of this paper is to analyze the effects on traffic flow characteristics and environment when semi-automated vehicles with automatic vehicle following capability (in the same lane) operate together with manually driven vehicles. We have shown that semiautomated vehicles do not contribute to the slinky effect phenomenon observed in today's highway traffic when the lead manual vehicle performs smooth acceleration maneuvers. We have demonstrated that semi-automated vehicles smooth traffic flow by filtering the response of rapidly accelerating lead vehicles. We have demonstrated using simulations that the fuel consumption and pollution levels present in manual traffic simulated using a car following model that models the slinky effect behavior observed in manual driving can be reduced during rapid acceleration transients by 7.3% and 3.8%47.3% respectively due to the presence of 10% semi-automated vehicles. Due to the randomness and uncertainties in human driving, the numbers obtained are qualitatively valid and demonstrate the beneficial effect of semi-automated vehicles in mixed traffic in improving air quality and fuel consumption.
Introduction
Recent advances in technology have propelled efforts to automate vehicles in order to achieve safe and efficient use of the current highway system. Fully automated vehicles that are able to operate autonomously in a highway environment are a long term goal. On the other hand, partially or semi-automated vehicles designed to operate with current manually driven vehicles in today's highway traffic are seen as a more near term objective. Their gradual penetration into the current highway system will usher the stage of mixed traffic where semiautomated vehicles will coexist with manually driven ones.
Considering the current penetration of products such as AntiLock Braking Systems (ABS), air bags and cruise control into the vehicle market, it is justifiable to expect that Intelligent Cruise Control (ICC) systems that give vehicles the capability to follow each other automatically in the same lane, will be deployed in the US in the near future. Several major car manufacturers in Japan are already producing vehicles for sale with an ICC option. ICC is the next step to cruise control. It allows a vehicle to automatically follow another vehicle in a single lane using automatic throttle and brake controllers [ 11 in conjunction with various on-board sensors [2] . We refer to vehicles with ICC capability as semiautomated vehicles since they provide automation only in the longitudinal direction [3] .
Human factor considerations dictate that the response of an ICC vehicle should be smooth. As a result an ICC vehicle is expected to act as a filter in vehicle following attenuating disturbances and smoothing traffic flow. Meanwhile, the vehicle-highway system is one of the major contributors to air pollution in urban areas due to increasing vehicle miles traveled and congestion [4]. With the gradual penetration of semi-automated vehicles into manual traffic, the question is whether the different dynamical response of semi-automated vehicles will have any impact on the environment and characteristics of traffic flow.
In this paper we show that the semi-automated vehicle guarantees accurate position and velocity tracking when the response of the vehicle in front is "smooth". When the response of the vehicle in front is "rough", i.e. it exhibits rapid acceleration, the semi-automated vehicle is designed to filter such response in an effort to maintain smooth driving. This is done at the expense of larger position, velocity and acceleration errors and sometimes at the expense of falling far behind the vehicle ahead.
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0-7803-4990-6199 $10.00 0 1999 AACC during a "smooth" acceleration maneuver exhibited by a lead vehicle since they are designed to respond to any smooth acceleratiodvelocity response in an accurate manner. When the lead vehicle exhibits a "rough" acceleration maneuver the semi-automated vehicle in a mixed traffic situation acts as a filter by converting the "rough" acceleration response to a smooth response. We have shown that this characteristic of the semi-automated vehicle has a very beneficial effect on fuel economy and pollution during rapid acceleration transients. Simulations are used to quantify these benefits using Pipes model [6, 7] and the ICC model developed in [I]. We demonstrate that the fuel consumption and pollution levels present in manual traffic represented by Pipes linear car following model can be reduced during rapid acceleration transients by 7.3% and 3.8%-47.3% respectively due to the presence of 10% semi-automated vehicles.
The paper is organized as follows. In section 2 we outline the concept of string stability in vehicle following and analyze mixed manualhemi-automated vehicles followed by simulations. Section 3 contains a discussion of environmental analysis and simulations to illustrate the environmental benefits of semi-automated vehicles among manual ones in mixed traffic. Section 4 contains conclusions derived from our analysis.
String Stability in Mixed Traffic
In vehicle following the dynamics of each vehicle are coupled with other vehicles leading to a larger dynamical system. Even though each vehicle may have stable behavior and good performance, the behavior of the overall coupled system may not be desirable. 
Mathematical Definitions
A system of vehicles in a single lane under moderately dense traffic conditions can be considered as a countable infinite interconnected system. Such a system shown in Let us define the following errors for the ith vehicle as we have g , ( t ) = e4).5r cos(0.87t) + 1.732e4)." sin(0.87t) and l l g i l l l~l .
Consider the error signal 
Remark I :
We should note that the string stability theorem refers to a class of systems. For example, the class of systems characterized by llgjlll I 1 ' d i E N is string stable. The class of systems with Ilg,II,>1 for some i cannot be guaranteed to be string stable because we can find at least one system in this class that is suing unstable. This, however, does not mean that every system with I 1 g; Ill >1 for some i is string unstable. This is due to the fact that the condition Ilgill, 5 1 is obtained fiom an inequality that could be conservative.
Remark 2:
It should be noted that our definition for string stability is conservative. In other words if (2) is violated for some i, that does not mean that the response of the string of vehicles is not acceptable. The mixing of vehicles with Gi (s) that satisfies for some i and violates for some other i the conditions of the string stability theorem (4) is analyzed in the following section. 
String Stability of Mixed Vehicles
Mixed traffic system consists of manual and semi-automated vehicles. Consider the manual vehicles to be represented by the Pipes model [6, 7] , which does not belong to the class of systems that guarantee string stability and may generate slinky-type effects. Therefore, we cannot guarantee string stability for the system of mixed vehicles.
However, as stated before, definition 1 of string stability is conservative. Though the string of mixed vehicles may not be string stable, the behavior of the whole system may be acceptable. Consider vehicle following transients when the lead manual vehicle in mixed traffic performs a smooth acceleration maneuver.
Considering mixing of vehicles of different classes, it can be
shown that the error propagation transfer functions for constant time headway policy are (7) Consider a suing of mixed manualkemi-automated vehicles where vehicle i is a semi-automated vehicle while vehicle i-1 is a manual vehicle. All vehicles are assumed to follow a constant time headway policy. We choose Pipes model to represent manually driven vehicles since this is the only human driver car following model that models the slinky-type effects we observe in today's traffic. We assume that the semi-automated vehicles follow a time headway of 1.0s and the manual vehicles follow a time headway of 1.8s, which is taken as the "national average" for manual traffic [lo] . Therefore, we have where G,(s) is taken from [6, 7] and G,h (s) is the transfer function of throttle controller of the ICC vehicle in [l] . The time delay in G, (s) is approximated using and fiom [l] 1 . 2~~ + 0.24s+ 0.012
Gr't(S)= s3 +1.4sz +0.25s+0.012
So after substituting for G, (s) and GI,* (s) in (7) and (8) and calculating the impulse responses of the above two error systems, we get gii-, ( t ) = 0.05le-'.''' -0.05e4).2z2' -0.016e4""' + 0.014e4)""' and E,,-, (t) = -0.463e-'.*' + 0.463e4'.667'
We find that llgii-l Ill = 0.175 and l l~i i~l l l l = 0.308 which shows that the semi -au tomat ed vehicle attenuates the position, velocity and acceleration errors and does not contribute to the slinky effect phenomenon.
Mixed Traffic Simulations
We now consider a string of 10 vehicles in mixed manualhemi-automated traffic. We use the Pipes model for manual vehicles as it models the slinky-type effects we observe in today's manual traffic. The ICC model in [l] is used to simulate semi-automated vehicles. Assume the 4* vehicle to be semi-automated which corresponds to 10% mixing of semi-automated with manual vehicles. Consider two separate cases: ( fig 3(b) ).
Simulations
When the lead vehicle performs smooth acceleration maneuvers, there are no significant differences in pollution emission and fuel consumption between manual traffic and mixed traffic. However, when the lead vehicle performs rapid acceleration maneuvers as in sec. 2.3(ii) the pollution emissions and fuel consumption in manual traffic can be considerably reduced due to the presence of the semiautomated vehicle. The total CO, NOx and HC emissions and fuel consumption by manual traffic are compared with that of mixed traffic in fig 5. The smoothing of traffic flow by the semi-automated vehicle significantly improves pollution levels and fuel consumption of manual traffic as indicated in 
Conclusions
In this paper we analyzed and simulated mixed manualhemiautomated traffic. Based on our findings, we can conclude the following:
Semi-automated vehicles in mixed traffic do not contribute to the slinky effect phenomena during smooth transients.
Semi-automated vehicles in mixed traffic smooth traffic flow by filtering the response of rapidly accelerating lead vehicles. The presence of semi-automated vehicles in mixed traffic improves air pollution levels and fuel savings during transients caused by rapid acceleration maneuvers. 
